Marine bacteria catabolize carbohydrate polymers of algae, which synthesize these structurally diverse molecules in ocean surface waters. Although algal glycans are an abundant carbon and energy source in the ocean, the molecular details that enable specific recognition between algal glycans and bacterial degraders remain largely unknown. Here we characterized a surface protein, GMSusD from the planktonic Bacteroidetes-Gramella sp. MAR_2010_102 that thrives during algal blooms. Our biochemical and structural analyses show that GMSusD binds glucose polysaccharides such as branched laminarin and linear pustulan. The 1.8
Marine bacteria catabolize carbohydrate polymers of algae, which synthesize these structurally diverse molecules in ocean surface waters. Although algal glycans are an abundant carbon and energy source in the ocean, the molecular details that enable specific recognition between algal glycans and bacterial degraders remain largely unknown. Here we characterized a surface protein, GMSusD from the planktonic Bacteroidetes-Gramella sp. MAR_2010_102 that thrives during algal blooms. Our biochemical and structural analyses show that GMSusD binds glucose polysaccharides such as branched laminarin and linear pustulan. The 1. 8 A crystal structure of GMSusD indicates that three tryptophan residues form the putative glycan-binding site. Mutagenesis studies confirmed that these residues are crucial for laminarin recognition. We queried metagenomes of global surface water datasets for the occurrence of SusD-like proteins and found sequences with the three structurally conserved residues in different locations in the ocean. The molecular selectivity of GMSusD underscores that specific interactions are required for laminarin recognition. In conclusion, our findings provide insight into the molecular details of b-glucan binding by GMSusD and our bioinformatic analysis reveals that this molecular interaction may contribute to glucan cycling in the surface ocean.
Introduction
Approximately one half of the global primary production of organic carbon occurs in the surface ocean, where carbon dioxide is converted by photosynthetic algae into biomass [1] . More than 50% of the phytoplankton primary production is present in the form of polysaccharides [2] . One of the most abundant algal polysaccharides is laminarin, a b-1, 3-glucan with b-1,6-linked glucose branches [3] . Polysaccharides serve as main carbon source for many marine bacteria [4, 5] such as Bacteroidetes, which consume a wide variety of polysaccharides using enzymes, associated binding proteins and transporters that are encoded in operons known as polysaccharide utilization loci (PULs) [6] . Bacteroidetal PULs, which are specific for different polysaccharides, have in common genes encoding homologs of two protein families-SusC and SusD. These SusCD pairs are surrounded by variable genes including glycoside hydrolases (GH), surface glycan-binding proteins (SGBPs), and accessory functions frequently belonging to different protein families. The high diversity of glycans is mirrored by the genetic and functional heterogeneity of PULs containing different families of Carbohydrate-Active Enzymes (CAZymes), which depolymerize polysaccharides [7] . The proteins encoded in PULs assemble into a multi-protein system, first described for the starch utilization system (Sus) [8] , which is located in the inner and outer membrane passing through the periplasm of Gramnegative bacteria.
The Sus-like system is widely spread across distinct ecological niches. In terrestrial and gut bacteria, this system enables specific interactions between microbes and their glycan substrates, suggesting that similar synergy takes place in the sea. Compared to the advanced knowledge on carbohydrate uptake in intestinal Bacteroidetes, only few studies have investigated the nature of this process in the aquatic environment. The analysis of the isolate Gramella forsetii KT0803 revealed a specific protein response of the strain to the presence of algal polysaccharides, particular PULs were induced during the growth on laminarin and alginate [5] . Several studies have provided important biochemical information on the enzymes and carbohydrate-binding modules (CBMs) from the aquatic bacteria involved in the degradation of polysaccharides [9] [10] [11] [12] [13] [14] . The first PUL for the degradation of an algal glycan has been recently extensively described in a marine bacterium. This PUL encodes the carrageenan degradation pathway of the marine bacterium Zobelia galactanivorans [15] . Large-scale screening of marine carbohydrate-binding proteins was exploited in so called Double Blind Comprehensive Microarray Polymer Profiling method [16] . However, direct studies of SGBPs such as the SusD-like proteins from marine Bacteroidetes, with in depth biochemical insight remain rare.
It has been shown that the genes of SusD-like proteins are among the most highly expressed bacterial proteins during algal blooms in the North Sea [17] . The growth response and CAZyme expression of Bacteroidetes during algal blooms, when high amounts of polysaccharides are released by algae, indicate the important role of Bacteroidetes as well as their SusD-like proteins and PULs in polysaccharide degradation [18] .
The deficit of empirical studies leaves a lack of knowledge about the specificity of marine SGBPs proteins toward their substrate. In gut Bacteroidetes, the role of SGBPs such as protein homologs of SusD, SusE, or SusF is to bind and concentrate the glycan on the cell surface, where outer membrane enzymes initially degrade them [19] . The SusD-like proteins are known to be outer membrane carbohydrate-binding proteins. The structure of SusCD complex from Bacteroides thetaiotaomicron-a model gut bacterium, shows additional involvement of SusD-like proteins in the transport of polysaccharide into the cell. Based on the proposed pedal bin mechanism, SusD-like protein interacts with SusC-like TonB-dependent transporter and might guide the polysaccharide to the periplasm helping to move the polysaccharide through the membrane [20] . Biophysical conditions of the ocean as compared to the intestines or land diverge in many ways. For instance, nutrient concentrations, oxygen level or salinity, as well as flow variations and glycan substrates differ between both systems. Consequently, the recognition of polysaccharides by SusD-like proteins from marine microbes could be different. This study provides new insights into this relevant interaction for carbon cycling by and energy acquisition in marine bacteria.
We characterized a SusD-like protein named GMSusD from a predicted laminarin PUL of Gramella sp. MAR_2010_102. The protein was expressed during an algal bloom in the North Sea near Helgoland and may play an important role in this environment [18] . This structural and biochemical analysis of a SusD-like protein from a marine Bacteroidetes shows that GMSusD binds selectively to branched laminarin and pustulan. Our investigation provides a framework to elucidate and annotate the function of globally distributed SusD-like proteins and other marine glycan-binding proteins that are of biogeochemical relevance.
Results
SusD-like genes are present in surface waters across the oceans Previous studies found locally enriched expression of SusD-like (and SusC) proteins in response to algal blooms suggesting that they are involved in the turnover of algal glycans [18] . Expanding on these observations, we queried metagenomes of global surface water datasets for the occurrence of SusD-like proteins, which might be involved in glycan cycling. A comprehensive open reading frames (ORFs) dataset (Table 1) was analyzed by collecting the ORFs from three of the major metagenomic environmental surveys of the ocean microbiome: Global Ocean Sampling survey [21] , TARA Ocean expedition [22] , and the Ocean Sampling Day [23] , which indicate presence of the SusD-like genes in marine habitats. We were able to annotate to SusD-like domains 25 394 ORFs, from 422 samples. From them, we selected 14 306 ORFs coming from 301 surface water samples. The distribution of SusD-like genes in the oceans is extensive, as shown in Fig. 1 , which displays the proportion of the ORFs annotated as SusD-like domains in terms of percentage of the total amount of ORFs in each sample. The average proportion of SusD-like domains is 42% of that of RecA, which is present as a single gene in most bacterial genomes [24] . The results of our analyses indicate SusD-like genes are globally present in the ocean.
GMSusD is a laminarin-binding protein
SusD-like proteins from the gut and terrestrial microbes have been found to bind different plant polysaccharides (Table 2) . Moreover, the specificity of a SusD-like protein usually coevolves with the specificity of the CAZymes in the same PUL [25] . Recently, a series of aquatic microbial PULs with putative specificity for algal glycans have been described. We focused our efforts on a PUL with putative laminarin or related b-glucan degrading function ( Fig. 2A ) from the marine microbe Gramella sp. MAR_2010_102 (Fig. 2B ). The CAZymes: GH3, GH5, GH30, and two GH16 present in this PUL suggest GMSusD may be binding to b-glucan polysaccharides based on specificity of the described enzymes from the homolog PUL belonging to GH families with laminarinases [14, 26, 27] . In order to test this hypothesis, we cloned and produced the protein in recombinant form in Escherichia coli and purified it to high homogeneity and purity (Fig. 3) . The molecular weight of GMSusD predicted based on the amino acid sequence is 50 kDa. DLS measurements established a molecular weight of 50 kDa AE 1 (mean AE standard deviation) as well as a hydrodynamic radius of 3.2 nm AE 0.6, percent polydispersity 9.5 AE 1.1. Separation of GMSusD on a size exclusion chromatography (SEC) analytical column indicated the size of protein to be 46 kDa in solution when compared to the proteins that were used as standards (Fig. 3A,B) . The migration of GMSusD on the SDS/PAGE gel showed the molecular weight of approximately 50 kDa (Fig. 3C) . No aggregation was observed in the collected fractions after immobilized metal ion affinity chromatography (IMAC) and SEC purification, together all data indicate the protein is monomeric in solution.
To elucidate the glycan specificity of GMSusD we performed carbohydrate-binding assays with affinity gel electrophoresis (AGE). In brief, the folded protein is migrating by electrophoresis in a native polyacrylamide gel that is supplemented with a polysaccharide, in this case, laminarin or other glucans. Delayed movement of the protein, compared to a not interacting protein control, indicates GMSusD bind specifically to the tested polysaccharides. Specificity of GMSusD was tested with commercially available substrates containing different b-linked glucans. This experiment revealed varied binding ability of GMSusD to the laminarins from different species (Fig. 4A) . GMSusD bound laminarin from Eisenia bicyclis, whereas almost no shift was observed on the gel with laminarin from Laminaria digitata (Fig. 4A) . We further verified the binding of GMSusD toward the E. bicyclis laminarin by digesting it with a laminarinase mixture [14] . The binding of GMSusD on the native gel with digested polysaccharide was completely abolished, confirming the specificity of GMSusD to laminarin from E. bicyclis.
GMSusD requires b-1,6-configured glucose for binding
Laminarin is a b-1,3-glucan with b-1,6-linked glucose side chains, where the degree of branching differs between species [28, 29] . Variability of the laminarin structures suggests that binding of proteins toward these polysaccharides could depend on the amount of side chains. Eisenia bicyclis laminarin contains more b-1,6 linked side chains compared to other b-glucans [30] , such as the one from L. digitata. In the binding assay, we showed that GMSusD binds stronger to laminarin from E. bicyclis in comparison to laminarin from L. digitata (Fig. 4A) . We experimentally confirmed the higher amount of b-1,6 configured glucose side chains present on E. bicyclis laminarin. The same mass of both laminarin types diluted in water were digested independently by a specific exo-b-1,6-glucanase from Formosa sp. nov strain Hel1_33_131 [14] and the amount of released glucose was compared. The glucose peak measured by HPAEC-PAD after 60 min of the enzymatic reactions was around five times higher for E. bicyclis laminarin than for L. digitata laminarin (Fig. 4B,C) . The results clearly indicate higher amounts of b-1,6-linked glucose in the E. bicyclis laminarin, which is in agreement with previous studies [29] . Next, we tested binding to the glucose polymer pustulan and found interaction with this polysaccharide on the affinity gel (Fig. 4A) . As pustulan is a linear b-1,6-glucan, this result further suggested that GMSusD requires b-1,6-linkages for binding. To validate this proposed substrate specificity, we debranched E. bicyclis laminarin with a GH30 enzyme. After enzymatic treatment, where we assume an absence of b-1,6-side chains, we observed that almost no GMSusD retention occurred on the gel (Fig. 4A) , suggesting that GMSusD does indeed require the b-1,6-linkages of the glucose side chains for binding.
GMSusD binds to pustulan on carbohydrate microarrays
The binding profile of GMSusD was further evaluated by using carbohydrate microarrays [31] . A total of 12 polysaccharide structures were tested. Three monoclonal antibodies with previously established specificities were included as positive controls, which showed the expected binding to their cognate epitopes: BS- [21] , the Global Ocean Sampling (GOS) [22] , and the Ocean Sampling Day (OSD) [23] . B. fragilis Human gut Sialic acid [67] 4002 bound to b-1,3-glucan [32] , BS-4003 to b-1,3;1,4-glucan [33] , and LM11 to arabinoxylan [34] (Fig. 5) . A recombinant SusD-like protein (SusD1) from Salegentibacter specific to a-mannan was included as negative control where no binding signal was detected. Binding of GMSusD to pustulan was detected (Fig. 5 ). These results are in agreement with the affinity gel assay. All together these independent techniques confirm the ability of GMSusD to bind b-1,6-linked glucose chains.
3D structure analysis of GMSusD and identification of the binding site
To explore the structural details including the key residues that mediate the interaction between protein and glycan, we solved the 3D crystal structure of GMSusD (Table 3 ) at a resolution of 1.8 A via molecular replacement using a homologous structure PDB code 3QNK (23% identity). Monomeric protein with residues 41-501 visible as continuous electron density, revealed a SusD-like structure comprising alpha helices with four tetratricopeptide repeat (TPR) units on the one side of the protein, which are proposed to serve as a structural scaffold [20, 35] . The TPR1 unit is composed of a pair of helices: a1 (residues 4-21) and a4 (residues 67-89), TPR2: a5 (residues 94-119) and a6 (residues 142-156), TPR3: a8 (residues 174-188) and a9 (residues 191-202), TPR4: a15 (residues 361-372) and a16 (residues 377-390). The structure contains 20 a-helices and 4 b-sheets (Fig. 6A) . In order to predict binding residues, a structural alignment was performed. GMSusD overlay with archetypal B. thetaiotaomicron SusD in complex with b-cyclodextrin, PDB code 3CK8 [35] with RMSA of 3.7 A (Fig. 6B ). The location of the TPR based scaffold on the opposite site of the binding surface is a conserved feature of the The CAZy families -GH16, GH30, GH3, and GH5 are involved in b-glucan degradation. The GH3 has been described as b-1,3-glucan exohydrolases [63] , whereas GH16 acts as endo b-1,3-laminarinase [12] . Interestingly, there is GH30 encoded in the PUL, which indicates specificity for branched laminarin, since GH30 is known as exo b-1,6-laminarinase [14] . The SusD-like protein GMSusD, which is investigated in this study, is underlined (WP 089661789.1). SusC-like proteins = TBDR; SusD = SusD-family protein; GH = glycoside hydrolase. SusD-like proteins. Therefore, a relative position of the TPR face together with the knowledge from available structures in complex with their native substrates enable to predict that the aromatic residues W287, W290, and W323 (Fig. 6C,D) are likely involved in glycan recognition.
Carbohydrates are known to interact with proteins via their aromatic rings thus these aromatic protein residues likely create a necessary contact surface for binding. In protein glycan interactions, the hydrophobic flat face of aromatic side chains aligns to the pyranose sugar ring as seen in carbohydrate-binding proteins [36] and enzymes. Additionally, the residues F65, V379, and F325 might also be involved in the interaction by providing hydrogen-bonding interactions. Likely due to tightly packed crystal lattice GMSusD holo structure was not solved, since soaked oligosaccharides could not enter the water channels of the crystal packing; therefore, the binding capabilities of aromatic residues in the predicted binding site were tested with mutagenesis experiment instead. Residues W287, W290, and W323 were each substituted by alanine and the three variant proteins each carrying a single tryptophan to alanine substitution were produced in E. coli. The AGE experiment with mutated GMSusD (287A, 290A, 323A) revealed that the relative mobility of each of three mutants was lower in comparison to native GMSusD, indicating the importance of these residues for binding (Fig. 6E ,F, see also Table 4 ).
Structural insights enable the annotation of homolog proteins in environmental datasets
The obtained biochemical and structural information about GMSusD from Gramella MAR might be used for a better understanding of b-glucan binding by SusD-like proteins from environmental datasets. From (Fig. 7A) . Other SusD-like protein sequences from predicted or previously analyzed laminarin PULs do not belong to the same branch as GMSusD and do not possess all three tryptophans at the conserved positions. For simplicity, a reduced structure-guided alignment of 8 out of 29 TARA sequences and three other SusD-like proteins was shown (Fig. 7B ). This result indicates a different mode of laminarin binding, perhaps they do not require b-1,6-linked glucose.
Discussion
In the present study, we functionally characterized and solved the 3D structure of the SusD-like protein GMSusD from the marine bacterium Gramella sp. MAR_2010_102. GMSusD interacts with highly b-1,6-branched laminarin and pure b-1,6-linked pustulan.
Laminarin is produced by many algal species in the ocean, thus the mechanisms through which it is acquired by bacteria needs to be examined in detail.
We evaluated the presence of marine SusD-like genes by analyzing metagenomic datasets, which revealed their broad distribution in different regions of the ocean (Fig. 1) . By coupling these results with biochemical characterization of GMSusD, we gain a better understanding of laminarin recognition and binding and provide a strategy for the functional annotation of other SGBPs in metagenome datasets. The substrate specificity of GMSusD was determined by affinity gel electrophoresis (Fig. 4) . This experiment revealed binding of GMSusD protein from Gramella MAR toward laminarin, which is in agreement with bioinformatic predictions. The unanticipated finding was that GMSusD recognizes laminarin derived from E. bicyclis, whereas it binds only weakly the laminarin from L. digitata (Fig. 4) . It has been shown that laminarin from E. bicyclis possesses branches with a degree of polymerization up to three b-1,6-glucoses [29] . Our results show higher glucose release from E. bicyclis laminarin, when compared to L. digitata, after b-1,6-exo-acting laminarinase treatment, demonstrating indeed a different b-1,6-glucose content. The basic structure of laminarin is a b-1,3-glucan with b-1,6-glucose side chains. However, the laminarin isolated from E. bicyclis has a higher content of b-1,6-linked glucose and a higher molecular weight. The ratio of E. bicyclis laminarin linkages (1? 3; 1?6)-b is 3 : 2, whereas for L. digitata laminarin bonds (1?3; 1?6)-b, ratio is 7 : 1 [30] . This (Fig. 4) . The differences of binding by GMSusD on affinity gel electrophoresis could lead to two different conclusions. The most striking explanation would be that GMSusD requires b-1,6-configured glucose for selective binding. Besides the specificity of GMSusD for branched laminarin and pustulan observed on the retardation gels, two other aspects support this hypothesis. There are many enzymes thought to be involved in laminarin degradation: endo-acting GH16, GH17, GH55, GH64, and GH81, and exo-acting laminarinases belonging to the GH3 family, all are responsible for cleavage of b-1,3 linkage. Additionally, the b-1,3-1,6-endoglucanase from GH5 family [37] and the b-1,6 exo-acting laminarinases from GH30 family have been characterized [14] . In light of the known specificities of these families, GMSusD is encoded in a PUL that suggests laminarin specificity. Besides the b-1,3 laminarinases, there are two genes: GH5 and GH30 indicating capability to recognize b-1,6 linkages. Fig. 7 . Phylogenetic analysis of predicted laminarin binding proteins and conservation of binding site residues of GMSusD among homologs from marine bacteria. (A) The phylogenetic protein tree based on a structure-guided alignment using the structure of GMSusD as guide shows that GMSusD and 29 identified metagenomic homologs, which have about 40% sequence identity and contain the three tryptophan residues that bind branched laminarin. The SusD-like protein sequences from previously analyzed laminarin PULs were included: CAL68403.1 from G. forsetii KT0803 [5] , WP_038529861.1 from F. agariphila [16] , WP_036786800.1 from Polaribacter sp. Hel1_33_49 [42] , and WP_069674454.1 from Formosa sp. Hel3_A1_48 [43] . A carrageenan-specific SusD-like protein was used as outgroup. Colored dots indicate different environmental origin of the sequences. The scale bar describes substitutions per site and the numbers at nodes represent bootstrap values. (B) A structure-guided alignment shows conserved tryptophan residues within SusD-like protein sequences obtained from TARA metagenomes, whereas other SusD-like sequences do not possess all three tryptophan residues that are predicted to be structurally conserved. To simplify, only 8 out of 29 TARA sequences with conserved three tryptophan residues and three other SusD-like proteins are depicted on the figure. On the top, secondary structure elements of GMSusD are shown. Following representation was applied: a helices with squiggles, b strands with arrows, TT letters for turns, and ɳ denotes a helix with three residues per turn [64] .
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The GH30 from GMSusD PUL shares 29% sequence identity with the characterized GH30 b-1,6 exo-acting laminarinase homolog from Formosa sp. nov strain Hel1_33_131. Based on bioinformatics of the genome, this is the only PUL predicted as a laminarin specific PUL encoded in Gramella sp. MAR_2010_102. GMSusD was upregulated during spring diatom bloom in Helgoland, Germany. Interestingly, the marine planktonic diatoms Chaetoceros debilis which is known to produce pustulan-like laminarin with high content of b-1,6 glucose [38] appears frequently during spring blooms in Helgoland [39] . Assuming that GMSusD is specific to highly branched laminarin and pustulan, it makes this diatom a possible candidate for producing polysaccharides available for Gramella sp. MAR_2010_102 to metabolize. Taken together, we propose a possibility of specific ecological relationship between Gramella sp. MAR_2010_102 and C. debilis, which is governed by the production and subsequent metabolism of b-1,6 glucose-rich laminarin. The presence of GMSusD accommodates the utilization of such a specialized substrate and could provide a selective advantage over other bacteria in competing for bglucans such as laminarin.
Given the low affinity of the protein, the here presented results are based on one method, which has limited ability to compare binding between different polysaccharides. Retardation gels report binding or its absence, but the stoichiometry of the reaction is not included in the calculations. Possible scenarios could be that GMSusD has a comparable affinity toward both commercially available laminarins, but laminarin from E. bicyclis as longer polymer possesses a higher binding density, what makes the retention stronger. Previously characterized SusD-like proteins are known to recognize a spectrum of structurally similar polysaccharides. Growth experiments reveal the importance of archetypal SusD for maltooligosaccharides, including amylopectin and pullulan, where the latter contains a-1,6-branches. Absence or presence of the branches does not change drastically binding abilities in that case [35] . According to the recent proposed 'pedal bin' mechanism of SusD-SusC complex, the SusD acts as a lid during nutrient import [20] , which suggests low affinity of the protein and limits the binding assays. Hence, the possibility that low affinity is the reason why binding is not observed for less branched laminarin from L. digitata cannot be excluded. Our inability to detect significant retention of GMSusD on the gel with L. digitata laminarin does not necessarily indicate a complete lack of binding.
In order to verify the binding abilities with another method, we used carbohydrate microarrays, which were populated with commercially available glucans as well as with b-mannan and arabinoxylan. GMSusD showed only binding to pustulan, what was also observed with AGE. However, there was no signal detected toward laminarin. In the microarrays used for our analysis, polysaccharides are non-covalently bound onto the array surface. Small polymers, like oligosaccharides, bind less on the array, they require coupling before immobilization [40] . The lack of signal detected against laminarin might be due to the fact that this molecule has a relatively low degree of polymerization and probably did not immobilize onto the array surface. This hypothesis is supported by the absence of signal against laminarin detected for BS-4002-a commercially available antibody known to be specific for b-1,3-linked glucan. The BS-4002 recognized pachyman, but no binding was observed for any of the two laminarins (Fig. 5) .
The crystal structure of the recombinant protein GMSusD has been determined at 1.8 A resolution (PDB code 6GCZ), which exposed a fold typical for a SusD-like protein family. The SusD-like scaffold composed of multiple TPRs, which is a conserved feature within the mentioned family, with loops forming the binding site to assure flexibility, allowing a protein to recognize different polysaccharides. Our inability to solve the protein structure with the appropriate ligand might be caused by crystal packing. The crystals were soaked with oligosaccharides, but tight packing might have blocked access to the binding sites. However, based on the comparative structural and mutagenesis analysis, we postulate that three tryptophan residues are responsible for polysaccharide binding W287, W290, and W323. An analysis of metagenomic data revealed conservation of these residues within the phylogenetic tree. We can assume with high confidence that proteins with structurally conserved three tryptophan in the binding site recognize laminarin in the same way as GMSusD. The variety of suggested laminarin structures must therefore be taken into account when annotating these proteins in environmental datasets. The picture of laminarin as a b-1,3-linkage glucan has emerged. However, various degree of branches and length of the backbone for laminarin have been reported [41] [42] [43] , which most likely reflects on laminarin recognition by binding proteins and enzymes. Differences in target polysaccharide may result in varied composition and arrangement of genes encoded in the PUL. For example, the laminarin-induced PUL from Polaribacter sp. Hel1_33_49 encodes enzymes from the families: GH16, GH3, GH17, GH30 [44] , and a SusD-like protein that does not contain the three structurally conserved binding site tryptophan that defines the GMSusD-binding site. The Polaribacter sp. Hel1_33_49 SusD-like protein clusters separately on the phylogenetic tree, indicating differences in the laminarin recognition. Comparing the above Polaribacter sp. and Gramella MAR, one imposing property would be the presence of both during diatom-dominated spring phytoplankton blooms nearshore the North Sea island Helgoland. Hence, it could conceivably be hypothesized that bacteria need to compete for similar laminarin substrate and fine differences allow bacteria to adapt to different polysaccharides.
In conclusion, the biochemical and structural analysis together with mutagenesis experiments provides a molecular insight into GMSusD binding, which can be used to identify SusD-like proteins with higher molecular resolution. Hence, to validate the accuracy of the in silico predictions of protein binding in the context of aquatic ecology more biochemical studies, such as GMSusD characterization, reported here, are necessary. There is a considerable imbalance between bioinformatics models and biochemical and structural studies. Thus, future research on the molecular basis of the carbohydrate recognition and degradation should be undertaken to develop a better understanding of laminarin acquisition; additional studies including characterization of enzymes and other carbohydrate-binding proteins will be needed.
Material and methods
Distribution of SusD-like proteins in the ocean
For the following analyses, we considered a dataset of 140M ORFs originated from 472 samples collected by three major mega-sequencing projects of the ocean microbiome: the TARA Ocean Expedition (TARA) [21] , the Global Ocean Sampling (GOS) [22] , and the Ocean Sampling Day (OSD) [23] (Table 1 ). The whole ORF set was searched against the SusD profile HMMs, found in the Pfam database of protein domain families (version 30) [45] using the hmmsearch program of the HMMER package (version 3.1b2) [46] . From this set of ORFs, we selected those from surface water samples (defined by a maximum depth of 5 m). Additionally, we screened the same dataset against the RecA profile HMMs of the Pfam database, in the same way as for the SusD domain, and we selected the ORFs from the surface samples. We then retrieved the abundances for the annotated ORFs in the selected samples. For TARA and OSD samples, we used the read coverage to each ORF as a proxy for abundance. The coverage was calculated by mapping the reads against the assemblies using the bwa-mem algorithm from BWA [47] . The coverage for each ORF was calculated using BEDTOOLS [48] performing the intersection of the ORF coordinates to the assemblies, then the per-base coverage was normalized by the length of the ORF. Each ORF from GOS had, instead, a count of 1.
Finally, we compared the proportion of SusD-like genes against those of RecA, which is usually present as a single copy gene in most microbial genomes.
Heterologous protein expression
The recombinant plasmid pET28 (a+) containing GMSusD (NCBI Reference Sequence: WP_089661789, residues from 41 to 501) from Gramella sp. MAR 2010 102 and SusD-like protein from Salegentibacter were obtained by gene synthesis (GenScript, Piscataway, NJ, USA). The first 40 amino acids of GMSusD were not included in the final construct as they correspond to the signal peptide, which is likely removed when the SusD-like protein is assembled in the outer membrane. Competent E. coli BL21 (DE3) cells (New England Biolabs, Ipswich, MA, USA) were transformed with this plasmid. The recombinant proteins were designed to contain His-tags at the N terminus. Two milliliter of LB medium was inoculated with a single bacterial colony and incubated overnight at 37°C. Of the preculture, 0.5 mL was used to inoculate 2 L of ZYP-5052 expression medium containing 150 lgÁmL À1 kanamycin [49] . Cells were grown in autoin- 
Mutagenesis
In order to mutate residues at the binding site: W287, W290, and W323 predicted based on the structure analysis; the primers present in the Table S1 were designed. The experiment was performed in the same manner as previously described [50] . Concisely, the PCR was used to amplify pET28-GMSusD plasmid with point mutations, which then was transformed to E. coli DH5a. The three single mutants have been constructed and for each of them alterations of tryptophan to alanine were confirmed by sequencing.
Purification by immobilized metal ion affinity chromatography and size exclusion chromatography
Recombinant GMSusD protein was purified using a 5 mL Hi-Trap metal affinity column (GE Healthcare, Chicago, IL, USA). The cell lysate was loaded in buffer (20 mM Tris, 500 mM NaCl, pH 8.0) and was eluted with an imidazole gradient (15-500 mM). Fractions were analyzed by the SDS/ PAGE; those containing the protein of interest were dialyzed against 20 mM Tris, 500 mM NaCl, 10 mM CaCl 2 buffer in parallel to the thrombin digestion in the dialysis tube, and 100 lL of thrombin was added (Thrombin Clean Cleave Kit, Sigma-Aldrich). Dialysis and digestion were accomplished at 4°C, overnight. The protein was concentrated in a stirred ultrafiltration unit (Amicon, Sigma-Aldrich) into 1.5 mL of 40 mgÁmL À1 , the concentration value was determined by the absorbance at A280 using the extinction coefficient of 1. 
Polysaccharide substrates
The following polysaccharides were used for binding studies: glucomannan (konjac), xylan (beechwood), pullulan 
Affinity gel electrophoresis
Native acrylamide gels (12%) were prepared; gels without polysaccharide as control and others containing different polysaccharide concentrations from 0.01% up to 1%. We tested AGE with laminarin (E. bicyclis and L. digitata), pustulan, mixed-linkage glucan, lichenan, and scleroglucan. Ten micrograms of GMSusD, bovine serum albumin (BSA), and a a-mannan-specific SusD-like protein from Salegentibacter sp. Hel 1_6 was loaded onto each gel. The motilities of the proteins were quantified between the native gel and gel containing one of the respective polysaccharides. Electrophoresis was performed for 2 h at a constant voltage of 80 V on ice. The proteins were visualized by staining with Coomassie blue. The graphs were prepared in PRISM 7 assuming one specific binding site (GraphPad Software, San Diego, CA, USA).
Carbohydrate microarray analysis
The polysaccharides were dissolved in water to 5 mgÁmL À1 , except pachyman, which was dissolved in 4 M NaOH with 0.1% (w/v) NaBH 4 . Subsequently, they were diluted in printing buffer (55.2% glycerol, 44% water, 0.8% Triton X-100) by a twofold dilution and added in wells of a 384-microwell plate. The plate was centrifuged for 10 min at 2921 g and the content was printed at 22°C with 55% humidity onto nitrocellulose membrane with a pore size of 0.45 lm (Whatman, Sigma-Aldrich) using a microarray robot (Sprint, Arrayjet, Roslin, UK). Each polysaccharide was printed in triplicate.
The microarrays were analyzed as previously described [51] . Briefly, microarrays that contained the printed polysaccharides were blocked for 1 h in PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO4, 1.7 mM KH 2 PO 4 , pH 7.5) with 5% (w/v) low-fat milk powder (MPBS). Next, the arrays were incubated for 2 h with probes: his tagged proteins produced in the E. coli expression system: GMSusD (50 lgÁmL À1 ) and SusD1 from Salegentibacter Hel 1_6 (50 lgÁmL À1 ); and monoclonal antibodies: BS-4002 (1 : 1000) [32] , BS-4003 (1 : 1000) [33] , and LM11 (1 : 10) [34] , all diluted in MPBS. Then, microarrays were washed in PBS and incubated for 2 h with anti-His tag (for recombinant proteins produced in E. coli), anti-rat or antimouse secondary antibodies (for antibodies produced in different host animals) conjugated to alkaline phosphatase (Sigma-Aldrich) diluted 1 : 1500 (for his tag) or 1 : 5000 (anti-rat and anti-mouse) in MPBS. After washing in PBS and deionized water, microarrays were developed in a solution containing 5-bromo-4-chloro-3 indolylphosphate and nitro blue tetrazolium in alkaline phosphatase buffer (100 mM NaCl, 5 mM MgCl2, 100 mM diethanolamine, pH 9.5), which allows detection of the antigens bound to the membrane. These substrates develop insoluble purple product on the membrane when they are exposed to alkaline phosphatase-conjugated antibodies. Once developed, the arrays were scanned at 2400 dots/inch and probe binding signals were quantified using pertinent software (ArrayPro Analyzer 6.3, Media Cybernetics, Rockville, MD, USA). The highest mean spot signal intensity was set to 100 and the rest of values normalized consequently. Data are shown in a heat map where color intensity is correlated to mean spot signal value. A cutoff of 5 arbitrary units was applied.
Crystallization, data collection, and structure solving HCl, pH 8.5; 20% polyethylene glycol 8000) (Anatrace, Maumee City, OH, USA) via 1 lL hanging drop was performed, resulting in the final crystals at 0.2 M magnesium chloride pH 7.8, 16% polyethylene glycol 8000. Crystals were transferred into mother liquor supplemented to a concentration of 30% of glycerol followed by flash freezing in liquid nitrogen. Diffraction data were collected at the EMBL Hamburg, Beamline P11 at 80 K. Indexing and integration were carried out using XDS autoprocess [52] and the integrated data were scaled and merged in Aimless [53] . The structure was solved by molecular replacement using the SusD-like protein (BF3747) from Bacteroides fragilis as a search model (PDB code 3QNK) in Phaser3 [54, 55] . The structure was built and refined using Buccaneer [56] , Coot [57] , and Refmac [58] and validated with MolProbity [59] before deposition. Single crystals were soaked with laminarin oligosaccharides, but did not lead to a complex structure. Cocrystallization of GMSusD with laminarin hexose and 1% laminarin from E. bicyclis digested for 1 h at 37°C with the endo-laminarinase (GH16) or a set of enzymes (GH16, GH17, and GH30) [14] did not produce protein crystals in screens or with the condition that gave the apo-structure.
Enzyme assay of laminarin with GH30
The amount of b-1,6-linked glucose released after GH30 digestion was measured with a High-Performance Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD). The GH30 enzyme specific for the b-1,6 side chain [14] was incubated with 0.1% laminarin: from E. bicyclis and L. digitata. The time points (5 min, 20 min, 40 min, and 60 min) at 37°C incubation of the polysaccharide with the GH30 were collected and the enzymatic reaction was stopped by heating (90°C, 5 min). A 25 lL of each sample was diluted in 475 lL of Milli-Q water and analyzed for the glucose release with the Dionex ICS-5000+ HPAEC-PAD System (Thermo Fischer Scientific Inc., Waltham, MA, USA). The separation was performed with the eluent 1: 0.15 M NaOH (HPLC grade, VWR) and eluent 2: 0.15 M NaOH and 1 M sodium acetate (HPLC grade, Sigma), which were dissolved in Milli-Q water and degassed with helium for 10 min. Eluent 2 was filtered through a 0.2 lm nylon filter membrane and then degassed. Each time point sample was analyzed separately by a linear gradient from 100% eluent 1 to 50% eluent 1 and 50% eluent 2 for 19.5 min, afterward an increase of the eluent 2 concentration to 100% over 120 s was performed. At the end, the concentration of eluent 1 was returned to 100% over 30 s. The electrochemical detection on the gold working electrode and a pH reference electrode (Ag/AgCl) were used. Samples were separated at 25°C on a Dionex CarboPac PA100 analytical column (2 9 250 mm) coupled with a Dionex CarboPac PA100 guard column (2 9 50 mm). The reference sugars at concentration of 1 lgÁmL À1 each were used: glucose (SigmaAldrich), laminaribiose, laminaritriose, laminaritetraose, laminaripentaose, and laminarihexaose (Megazyme, Wicklow, Leinster, Ireland). The entire separation was conducted by isocratic flow rate of 0.25 mLÁmin
À1
.
Structure-guided alignment and phylogenetic analysis
To test if annotated ORFs contain the same location of predicted, structurally conserved binding residues as GMSusD and in consequence a similar manner of binding, we performed a structure-guided multiple sequence alignment. The conserved residues are specific to the GMSusD; therefore, we searched the set of ORFs from surface samples, annotated to SusD-like protein, against the Gramella sp. SusD-like protein sequence, using the MMSEQS2 (Many-against-Many sequence searching 2) software [60] with a coverage threshold of 0.999 and a sensitivity of 8. The subset of matching ORFs was then deduplicated using again the MMSEQS2 software [60] . We created a template file referring to the structure of GMSusD (PDB code 6GCZ) to structurally guide the alignment. Hence, we applied the T-COFFEE multiple sequence alignment program [61] , using the TMalign_pair method, to perform the structureguided alignment with the PDB file of GMSusD as a 3D template. From the alignment we selected the ORFs with conserved residues in the binding site, we added the respective duplicated ORFs, and we checked both the degree of completeness and the average frequency of bases mismatching for each ORFs. These two evaluation steps are critical, since the considered ORFs came from metagenomic assemblies and can be fragmented or contain a high base variability, which is a measure of how many bases, in the reads building the assembly consensus, result different from those of the consensus at each position. Usually the consensus is based on the most frequently encountered nucleotide at each position. We calculated the average entropy, as measure of the base variability, for each ORF using the processing script diversiutils from the DIVERSITOOLS package [http://josephhughes.github.io/DiversiTools/]. Based on the metagenomics analysis, we have chosen sequences with predicted structurally conserved binding site analogous to GMSusD. Additionally, the SusD-like protein sequences from predicted (WP_069676382.1, WP_069676 690.1, WP_091954312.1, WP_091892599.1, WP_05160581 1.1, WP_036783989.1) or previously analyzed laminarin PULs: (CAL68403.1 [5] , WP_038529861.1 [17] , WP_03678 6800.1 [44] , WP_069674454.1 [62] ) were selected. Carrageenan-specific SusD-like protein [15] was added to the analyzed sequences. Quoted collection was objected with the structure-based alignment mentioned above. A maximum likelihood reconstruction of phylogeny was conducted in MEGA7 using the LG model and 250 bootstrap replications.
